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Chemical characteristics, mechanical and thermo-optical properties of black anodic films prepared on 7175 aluminium alloy for space applications 
Introduction
Aluminium alloys are usually used because they have a low density and quite good mechanical characteristics. To provide specific superficial properties (against corrosion or wearing for example), many surface treatments are available. In particular, different colouring processes can be used to confer a black colour to the anodic films prepared on aluminium parts: incorporation of organic dyes [1, 2] , electrocolouring with metals [3] [4] [5] [6] , anodic polymerization [7] , co-deposition of organocomplex anions [8] or impregnation by coloured mineral precipitates, such as cobalt sulphide. This last process is usually limited to applications requiring thermal stability of the dyes, i.e. in two main applications: the preparation of solar selective collectors for energy storage and conversion [9] and in spacecraft [10] [11] [12] . In space applications, this colouring process is usually called "black anodizing" and involves sulphuric anodization followed by a colouring step based on the precipitation of solid black CoS, in two successive impregnation baths.
Anodic films coloured black with minerals are used in the space industry to avoid stray light in optical instruments, to limit outgassing in orbit and the pollution of instruments by modifying the * Corresponding author. Tel.: +33 561 556 148; fax: +33 561 556 163.
E-mail address: arurault@chimie.ups-tlse.fr (L. Arurault).
thermo-optical superficial properties (solar absorptance,˛s > 0.93 and emittance, ε > 0.90). The˛s/ε ratio is a characteristic of passive thermal regulation. Typically, heaters may have a ratio higher than one while for coolers the ratio should be lower. Black anodized parts usually have a ratio close to one, and are considered as warm.
Alternating passages of a satellite in front of the sun and in the shadow of the Earth result in thermal cycling which typically reaches temperatures from −140 to +140 • C. The difference in thermo-mechanical characteristics (thermal expansion and Young's modulus) between a coating and its substrate can lead to crazing and possible flaking of the film. This phenomenon has been observed with black anodic films on aluminium alloys from the 2XXX and 7XXX series [11] .
The aim of this work is to study the characteristics and properties of these CoS coloured anodic films with a view to the prevention of flaking and a possible pollution of optical instruments. In particular, the influence of the process parameters (especially of the anodizing step) on the anodic film characteristics (porosity and thickness), as well as the mechanical properties (Young's modulus) and thermo-optical properties (absorptivity and emissivity), were thus highlighted.
Experimental procedure
The substrate material was 7175T7351 aluminium alloy, often used in space industry and on which cases of flaking have previously occurred. Its chemical composition in weight percent is: 1.62%Cu, 0.12%Fe, 2.42%Mg, 0.01%Mn, 0.06%Si, 5.75%Zn, 0.041%Ti, 0.21%Cr and Al the remainder. All reagents used were ana- 
lytical grade, and aqueous electrolyte solutions were obtained using deionised water.
Preparation process
The preparation of black anodic films including inorganic dyes followed the ESA Standard [10] for spacecraft. The process involved four main consecutive steps: surface pretreatments, anodizing, colouring and sealing.
The alloy sheet (40 mm × 20 mm × 3 mm) was degreased with ethanol and then etched in a mixed aqueous solution of Na2CO3 (6.2 g L −1 ) and Na3PO4 (12.5 g L −1 ) at pH 11, for 5 min at 93
• C and neutralized in aqueous HNO3 (50%, v/v) for 3 min at room temperature. The sheet was rinsed in distilled water at the end of each step.
The sheet was then used as anode and a lead plate (3 mm × 40 mm × 40 mm) as counter-electrode in the electrochemical cell. The anodizing step was particularly studied: operational conditions were, for a given duration (in the range 20-120 min, usually for 60 min) in the galvanostatic mode (0.5 < Ja < 3.0 A dm −2 , typically 1.2 ± 0.1 A dm −2 ) using a sulphuric acid solution (50 < C < 250 g L −1 , usually 150 g L −1 ) thermally regulated (5 < T < 35
• C, typically at 20 • C). The samples were then immediately rinsed in distilled water.
The anodized part was coloured by immersion in two successive baths: first for 15 min in a solution of cobalt acetate (200 g L −1 ; pH 6.5) regulated at 43 ± 2 • C, and then for 10 min in a bath of ammonium hydrosulphide (30 g L −1 ; pH 9.3) at room temperature. The samples were rinsed in distilled water after each step to remove excess solution. Young's modulus of non-coloured anodic films versus porosity (T from 5 to 25
The sealing step occurred for 25 min in a bath regulated at 98 ± 2 • C and made up of nickel acetate (NiCH3COO·4H2O) and boric acid (both at 5 g L −1 ).
Microscopic and chemical analysis
The meso-and nanostructures of the coatings were observed by field-emission gun scanning electron microscopy (FEG-SEM) with a JEOL JSM6700F device. Thicknesses were measured on the cross-sections of the samples and energy dispersive X-ray (EDX) spectroscopy analyses were performed to identify the chemical composition inside the film, and especially the location of the dyes. Moreover, analyses by inductively coupled plasma (ICP) were performed to determine the Al, Zn and Cu ion contents in the electrolyte at the end of anodizing.
Porosity measurement
Porosity was measured before the colouring and sealing steps. The surface of the anodic films was observed using FEG-SEM and the resulting images were analysed with the free software ImageJ. The ratio between the pore areas and the total surface area analysed was taken to be the porosity of the anodic film, i.e. the porosity was considered homogeneous through the whole thickness of the anodic film.
Nanoindentation
The nanoindentation tests were performed on an XP apparatus (Agilent Technology) to evaluate the Young's modulus (E) of our anodic films. A Berkovich tip was used with a CSM (continuous stiffness measurement) modulus to obtain dynamic measurements on the surface of the films. The CSM frequency used was 45 Hz with a strain rate of 0.05 s −1 . The maximum depth on indentation was 2000 nm, i.e. lower than 10% of the total thickness (about 20 m), in order to avoid substrate effects. With homogeneous films, an average value was determined for 20 measurements between the depths of 800 and 1000 nm.
Absorptivity and emissivity
Hemispheric absorptivity measurements were performed on an Elan 510 reflectometer. The light source used was a xenon lamp with wavelengths from 250 to 2500 nm and a spectral distribution comparable to that of sunlight (the main difference is in the near infrared). Normal emissivity measurements were performed on an Elan 520 emissiometer operating at 70
• C.
Results and discussion

The anodizing step
Current density and time of anodizing
The growth of the anodic film occurs according to reaction (1) and is mainly controlled with the current density and the anodizing time:
Figs. 1 and 2 show the variations of film thickness as a function of the current density and the time of anodizing, respectively. The measured thickness increased with time and current density, in agreement with Faraday's law, while the porosity steadily increased with thickness (Fig. 3) .
It is now possible to calculate the faradic rate at the anode [13] taking into account both the experimental thickness and the aluminium content in the anodizing electrolyte. Fig. 4 thus shows the virtual thickness of the compact film (TCF), after correcting the experimental porous film thickness by its porosity, as well as the TCF without acid dissolution (TCFWD), i.e. taking into account the amount of aluminium dissolved in the electrolyte. The corresponding anodic efficiency (i.e. TCFWD/faraday's thickness ratio) in these experimental conditions is decreased from 74 to 58% in the 20-120 min time range, in agreement with previous works [14] . Fig. 9 . Simulation of the sulphide species distribution versus pH. Fig. 5 shows the influence of the concentration of sulphuric acid on the film thickness. In the 50-250 g L −1 concentration range, the thickness of the anodic film remained constant, while there was an increase of the porosity (Fig. 5) for the same experimental conditions.
Concentration and temperature of the electrolyte
Both the thickness and porosity of the anodic films were also studied as a function of the electrolyte temperature (Fig. 6 ). The film thickness was constant (about 20 m) for electrolyte temperatures between 5 and 27 • C, then drastically decreased between 27 and 30 • C reaching values lower than 6 m at temperatures higher than 27 • C. There is a proportional increase of the porosity from 10 to 50% for electrolyte temperatures in the range 5-25 • C. At higher temperatures, the porosity became so high and irregular that the thickness significantly decreased.
The porosity of the anodic film mainly depends on the chemical dissolution (reaction (2)) occurring at its surface with the acidic electrolyte:
So, the porosity changes are influenced by the bath parameters because chemical dissolution kinetics is mainly influenced by the temperature and the concentration of the electrolyte [15] . In contrast, these parameters had a very low influence or no impact at all on the electrochemical reaction (reaction (1)) in this temperature range.
Mechanical characteristics
Nanoindentation measurements were performed on samples with different porosities (10-50%). The dynamic method of indentation firstly shows a homogeneous value of Young's modulus of the anodic film through its whole thickness. Fig. 7 reveals how Young's modulus behaves with increasing porosity.
The relationship between Young's modulus and porosity was previously described by Wang [16] using the following equation:
where p is the porosity, and b and c are constants. Experimental points are well fitted for porosities up to 30% with the following parameters (E 0 = 86.2 GPa, b = 0.2, c = 2.48). Nevertheless, at high porosities Young's modulus collapses. Wang [16] described such a phenomenon for high porosities even though they did not fit the theoretical relationship well. For a porosity of 50%, nanoindentation measurements were not exploitable but Young's modulus was extrapolated and evaluated at about 20 GPa. Fig. 8 shows the distribution of S, Co and Ni versus the depth inside the anodic film, its surface being located on the left of the curves while the film/substrate interface is on the right. Sulphur is already present in the anodic film (Fig. 8a) , before the first colouring step (with cobalt acetate), due to the incorporation of sulphates from the sulphuric acid electrolyte during anodizing [17] .
The colouring steps
Impregnation by cobalt acetate (first step of colouring) causes the simultaneous alteration of the sulphur content from the film surface and cobalt incorporation through the whole film (Fig. 8b) . The alteration of the sulphur content at the film/electrolyte interface could probably be explained by the higher temperature (T = 43 ± 2 • C) of the cobalt acetate electrolyte or by the integration of acetates in the film instead of sulphates. Moreover, because of the impregnation process, cobalt incorporation appears quite irregular due to the diffusion and capillarity difficulties in the tortuous mesopores [11] .
After the second colouring step, there was an increase of the sulphur content through the whole film thickness, but especially near the surface (Fig. 8c) . The presence of sulphur is due to its introduction during the second colouring step, through impregnation with ammonium sulphide and the precipitation of cobalt sulphide.
The reaction between cobalt acetate (pH 6.5) and ammonium sulphide (pH 9.6) results in CoS precipitation [18] according to:
In the second colouring bath, i.e. at high pH (about 9.6), the stable ionic species are Co(OH) 2 , CH 3 COO − (pK a = 4.8), NH 3 and NH 4 + (pK a = 9.3) as well as HS − (Fig. 9 ). However, due to the low solubility product (K s = 1.9 × 10 −27 [19] ) of solid CoS, precipitation could be considered as quantitative. Anodic films with different initial porosities (10-40%) were coloured. EDX measurements were then performed on crosssections to localize the dyes in the different films ( Fig. 10a-d) .
Sulphur is present throughout the coloured anodic films (before sealing), whatever the initial porosity. Moreover, both the amount of dye that finishes up in the pores and the depth of impregnation, increase with the initial porosity. These results stress that the tor- Fig. 11 . EDX analysis of the cross-section of a coloured sealed anodic film with an initial porosity of 40% (T = 20
tuosity of the mesopores restricts the impregnation of the cobalt acetate and ammonium sulphide and that deep dark colouring sometimes requires repeated dips [9] .
The sealing step
The sealing step is usually considered as hydration of the anodic film, inducing a volume expansion of the film and hence pore occlu- sion [20, 21] . However, in this case, pore closing also results from the additional precipitation of nickel hydroxide, at the top of the coating, as shown on the EDX profiles (Fig. 11) . Fig. 12a-e shows SEM top views of anodic films prepared at different anodizing temperatures, i.e. with different initial porosities and with subsequent colouring and sealing.
Surface observations
Anodic films, prepared at an anodizing temperature from 15 • C, i.e. with an initial porosity higher than 30%, show microcracks after colouring and sealing (Fig. 12c-e) . From the crazing point of view, colouring and sealing are key steps because uncoloured and unsealed anodic films with an initial porosity of 40% exhibited a surface free of microcracks even after heat treatment (150 • C for 25 min) in agreement with previous works [22] . This crazing phenomenon could be explained by the coefficient of thermal expansion of coloured anodic films, which is nearly 10 times lower than that of the substrate [12] . Indeed, the sealing temperature is regulated at 98 ± 2 • C and results in tensile stresses occurring in the anodic film. Furthermore, it changes the residual stresses and affects the overall mechanical characteristics [12, 21] . Fig. 13 presents the evolution of Young's modulus as a function of the indentation depth and at different steps of the preparation process.
Mechanical behaviour
Young's modulus appears constant (about 80 GPa), before the colouring and sealing steps. After colouring, the chemical changes occurring in the film, especially dye precipitation, reduced the modulus particularly near the surface, where CoS solids were specifically located. The loss of Young's modulus can be directly due to the decreased sulphur content of the film during the impregnation in cobalt acetate. Sulphates from the films are indeed released into the bath, from near the film surface, which explains the presence of a gradient of modulus causing modifications of the mechanical characteristics. The modulus increased steadily along the film depth, until it reached the initial value (about 80 GPa) when the amount of dyes had become negligible. Film sealing led to an additional decrease of Young's modulus; the decrease was greater when the sealing duration was longer (50 min. instead of 25 min.). The Young's modulus gradient also depends on porosity ( Fig. 14a-d) and thus on the amount of dyes included in the films (Fig. 10) .
In all cases, the modulus seems to tend to the initial value obtained after anodizing and before any post-treatment. Moreover, the Young's modulus gradient clearly depends not only on the porosity and microcracks but also on the chemical content of the film, i.e. dye location and amount, as well as the hydration level, especially resulting from the sealing step. Below, we study if these chemical or physical changes have or do not have an influence on the desired thermo-optical properties.
Thermo-optical properties
Black anodizing is used in the space industry to change the thermo-optical properties of surfaces, specifications recommending a minimum absorptivity of 0.9 and emissivity of 0.93 [10] . In the uncoloured anodic films (40% porosity) the absorptivity was evaluated to 0.35 and the emissivity to 0.89. Fig. 15a and b shows the evolution of the normal emissivity and the solar hemispheric absorptivity of black anodic films as a function of their thickness. Two anodizing temperatures (5 and 
20
• C) were used to evaluate the influence of the film characteristics (porosity and chemical content) on these two properties. Emissivity and absorptivity were only affected for anodic film thicknesses lower than 6 m, while they were found to be independent of the anodizing temperature (5 and 20 • C), i.e. the porosity (10 and 40%, respectively). These results mean that, apart from the microcracks, the thermo-optical properties are only governed by the presence of CoS dyes.
Conclusion
Black anodic films were prepared according to a four-step process, including pretreatments, anodizing, colouring and sealing. Their characteristics (thickness and porosity) were easily controlled with the anodizing parameters (time, current density, concentration and temperature of the electrolyte). The increase of porosity with the temperature or concentration of the electrolyte has a particularly significant influence on the Young's modulus of the film measured just after anodizing. Wang's model gives a good fit for experimental points at low porosities, while a collapse occurs for porosities higher than 35%.
The colouring step consists in the insertion of CoS precipitates in the tortuous mesopores. The quantity of dyes increased with the porosity but the dyes were still mainly located near the film surface. Young's modulus was directly affected by this colouring step probably because of the degradation of sulphates in the film. The decrease in Young modulus was amplified by the sealing step.
Moreover, the increase in porosity may also have an impact on tensile strength and residual stresses, explaining the formation of crazing patterns. So, reducing the porosity may be a good way to avoid crazing while keeping satisfactory thermo-optical properties.
